Infantile hemangiomas, the most common tumors of infancy, are vascular tumors characterized by rapid proliferation of endothelial cells during the first few months of postnatal life followed by slow spontaneous involution, whose molecular pathogenesis remains unclear. The recent identification of developmental expression of vascular lineage-specific markers prompted us to characterize infantile hemangiomas for the expression of lymphatic endothelial hyaluronan receptor-1 (LYVE-1), Prox-1, CD31 and CD34. We found that LYVE-1, a specific marker for normal and tumor-associated lymphatic vessels, was strongly expressed in tumor cells of infantile hemangiomas (n ¼ 28), but not in other vascular tumors including pyogenic granulomas (n ¼ 19, Po0.0001) or intramuscular hemangiomas (n ¼ 9), using LYVE-1/CD31 double immunostains. Whereas LYVE-1 expression was detected on the endothelial cells of all proliferating infantile hemangiomas, this lymphatic marker was absent from the lesional capillaries during involution in the majority of cases (P ¼ 0.0009). The majority of LYVE-1 þ endothelial cells also expressed CD34, but were negative for the lymphatic-specific homeobox protein Prox-1. Based on coexpression of both LYVE-1 and the blood vascular marker CD34, we propose that the endothelial cells in proliferating infantile hemangioma are arrested in an early developmental stage of vascular differentiation. The immature, incompletely differentiated immunophenotype of proliferating infantile hemangiomas may contribute to their rapid growth during the first few months of life.
Infantile hemangiomas, the most common tumor of infancy, are benign vascular proliferations composed of densely packed capillaries composed of endothelial cells and pericytes expanding in a lobular pattern. 1 In contrast to vascular malformations, infantile hemangiomas are usually absent or inconspicuous at birth and are characterized by a remarkably predictable biologic behavior: rapid postnatal proliferation and slow spontaneous involution. 2 Involution is characterized by apoptosis and disappearance of capillaries, with replacement by loose fibrous or fibro-fatty tissue. Infantile hemangiomas occur more commonly in premature Caucasian female infants, 3 but are distinguished from other vascular tumors and malformations by their specific expression of erythrocyte-type glucose transporter protein, GLUT-1. 4 The molecular pathogenesis of infantile hemangiomas remains a mystery to date, partly due to a confusing nomenclature of vascular birthmarks 5 and to the lack of lineagespecific vascular differentiation markers.
Several recent studies have investigated the cellular and molecular basis of these tumors, leading to the proposal of distinct but controversial mechanisms of pathogenesis. It has been proposed that infantile hemangiomas are due to the clonal proliferation of endothelial cells based on the analysis of X-chromosome inactivation patterns, indicating that a single progenitor cell may give rise to the infantile hemangioma endothelial cell population. 6, 7 Most recently, it was found that this population of endothelial progenitor cells coexpresses CD34 and the progenitor cell marker CD133, as detected by flow cytometry in 11/12 proliferating infantile hemangioma specimens. 8 It has also been suggested that infantile hemangiomas are the products of somatic mutations in one or more genes that regulate endothelial cell growth. 9 Although the vast majority of infantile hemangiomas occur sporadically, several kindreds have been identified to segregate as an autosomal dominant trait with high penetrance, and FGFR4, PDGFRB and Flt-4 have been suggested as candidate genes for familial infantile hemangioma. 10 Somatic mutations of the kinase domain of the VEGFR2 (FLK1/KDR) gene and of the VEGFR3 (FLT4) gene were found in proliferating infantile hemangiomas. 7 These genetic mutations may result in abnormal endothelial cell proliferation and dysregulation of angiogenesis, as evidenced by the activation of the angiopoietin/Tie2 pathway in isolated endothelial cells from proliferating infantile hemangiomas.
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Stimulators of angiogenesis such as VEGF, 12 bFGF, 13 monocyte chemoattractant protein-1 14 and insulin-like growth factor 2 (IGF-2) 15 are also upregulated in proliferating infantile hemangioma.
In contrast, tissue inhibitor of metalloproteinase-1, an angiogenesis inhibitor, 12 and interferon-induced genes were found to be increased during the involution phase. 15 The induction of interferon genes provides a clinical rationale for the treatment of life-threatening infantile hemangiomas with recombinant interferon-a-2a, an inhibitor of angiogenesis 16 and may explain recently reported observations of rapid involution of infantile hemangiomas after topical applications of the immune modulator imiquimod. 17 Interestingly, the epidermis overlying proliferating infantile hemangioma demonstrates reduced interferon-b immunostaining, compared with the epidermis of normal skin, implicating possible paracrine effects of nonendothelial cells in the pathogenesis of infantile hemangioma. 18 Recent studies have demonstrated that the vessels of infantile hemangioma and placenta share a unique immunophenotype, as evidenced by expression of GLUT-1, merosin, FcgRII and Lewis Y antigen, leading to a proposal that the precursor cells of infantile hemangioma may originate from placentally derived cells or angioblasts switched to the placental-type vascular phenotype. 19 In the present study, we investigated the vascular lineage-specific differentiation of proliferating and of involuting infantile hemangiomas, using several of the newly identified blood vascular and lymphatic endothelial cell markers. We analyzed 62 vascular lesions for the expression of the panendothelial marker CD31, and of the lymphatic endothelial hyaluronan receptor-1 (LYVE-1), a 60 kDa integral membrane glycoprotein, considered to be a specific marker for normal 20 and tumorassociated lymphatic vessels. 21, 22 Materials and methods
Patient Population and Histological Analyses
All vascular lesions were excised at Arkansas Children's Hospital, Little Rock, during the past 5 years (1999-2003), after informed consent and institutional review board approval were obtained. These vascular lesions included infantile hemangiomas (n ¼ 28), pyogenic granulomas (PG) (n ¼ 19), intramuscular hemangiomas (small vessel type, n ¼ 9), umbilical hemangiomas (n ¼ 2), congenital nonprogressive hemangioma (n ¼ 1), synovial vascular malformation (n ¼ 1) and cherry hemangioma (n ¼ 1) (Table 1) . Patients (age range 2 months to 5 years) with both proliferating (n ¼ 19, mean age 7.8 months) and involuting (n ¼ 9, mean age 26.3 months) infantile hemangioma were well represented, with sex and site distribution similar to those reported in large epidemiological studies. 
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Two pathologists (SSD and PEN) reconfirmed the diagnosis of all 62 vascular lesions.
Immunofluorescent Stains
Paraffin sections (6 mm thickness) were dewaxed, hydrated and treated with 0.01% protease XXIV (Sigma, St Louis, MO, USA) in phosphate-buffered saline for 20 min at 371C for all 62 lesions. Sections were double stained using a rabbit polyclonal antibody against human LYVE-1 20 and a mouse monoclonal anti-human CD31 antibody (Table 2) , followed by incubation with the respective secondary antibodies that were labeled with either Texas Red (1:50) or with fluorescein isothiocyanate (1:50) (Jackson ImmunoResearch, West Grove, PA, USA), as previously described. 22 Cell nuclei were counterstained with 20 mg/ml Hoechst bisbenzimide (Sigma). Additional immunohistochemical stains were performed using antibodies against CD34, Prox-1, GLUT-1, CD68 or CD11b (Table 2) . Fresh-frozen tissue sections were incubated in acetone at À201C for 2 min and in 80% methanol at 41C for 5 min, blocked in 12% BSA solution for 20 min prior to incubation with primary antibody in four proliferating infantile hemangiomas, where paraffin section immunostaining for Prox1 and CD11b was not possible. Three observers scored the stained sections for semiquantitative LYVE-1 expression in tumor cells, together with hematoxylin-eosinstained serial sections. The results were scored as follows, 1 þ : o10% of lesional vessels positive; 2 þ : 10-50% of lesional vessels positive; 3 þ : 450% of lesional vessels positive (Table 3) .
Statistical Analysis
The unpaired Student's t-test was used to determine the statistical significance (P-value) of LYVE-1 expression. 
Results

LYVE-1 Expression by Endothelial Cells of Proliferating Infantile Hemangiomas
To investigate the lineage-specific differentiation of infantile hemangioma, we examined tissue sections from patients with both proliferating and involuting infantile hemangiomas for markers of lymphatic and blood vascular endothelium. We found that the entire infantile hemangioma lobule showed endothelial positivity for the panendothelial marker CD31 (12) (Figure 1b) . Surprisingly, the entire lobule was also strongly positive for LYVE-1 in most cases (Figure 1a ). Merged images of LYVE-1 and CD31 revealed a virtually complete overlap of the green and red signals, suggesting that the lesional capillaries coexpressed both LYVE-1 and CD31 ( Figure  1c) . Normal blood vessels adjacent to infantile hemangiomas did not express LYVE-1 (Figure 1g ).
We detected LYVE-1 expression in 19/19 (100%) proliferating infantile hemangioma and 5/9 (55.6%) involuting infantile hemangioma (P ¼ 0.0009). Although all of the proliferating infantile hemangioma expressed LYVE-1, the lesional capillaries showed a variable immunoreactivity (Figure 1c , e and g). Based on the percentage of lesional capillaries, all tumors were assessed for semiquantitative LYVE-1 expression. The majority (79%) of proliferating infantile hemangiomas showed either 410-50% or 450% of lesional vessels immunoreactive for LYVE-1 (Table 3) . High magnification views of immunostains revealed both cytoplasmic and membranous distribution of LYVE-1 (Figure 1h ).
To investigate whether LYVE-1 expression was specific for infantile hemangiomas, we examined several other benign vascular tumors for their LYVE-1 immunoreactivity. Compared to proliferating infantile hemangiomas, LYVE-1 expression was 
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focally and weakly detected in only 3/19 (15.8%, P o0.0001) PGs, in a pattern suggestive of normal, intra-and peri-lesional draining lymphatics, whereas the remainder of vascular lesions including intramuscular hemangiomas (9/9), umbilical vascular malformations (2/2), congenital nonprogressive hemangioma (1/1), synovial vascular malformation (1/1), cherry hemangioma (1/1) and reactive angioendotheliomatosis (1/1) were completely negative for LYVE-1. All examined vascular lesions were positive for CD31 (Figure 2) . Interestingly, congenital nonprogressive hemangiomas are composed of numerous distinct proliferating capillaries admixed with many thin-walled vessels, suggestive of lymphatic vessels, 24 which are in fact strongly LYVE-1 positive (Figure 2g ). Umbilical and synovial vascular malformations were negative for GLUT-1 and LYVE-1 (data not shown). The age ranges for patients with other vascular tumors overlapped with those of the infantile hemangioma group (2 months to Expression of lymphatic markers in infantile hemangioma SS Dadras et al þ , CD31 þ lesional capillaries are also positive for CD34 (yellow) (arrows) in a serial section. Native lymphatics are seen in the interlobular septum (arrowheads). Large CD31 þ , CD34 þ blood vessels do not express LYVE-1 (asterisk). (c) and (d) Double stains for Prox-1 (red) and CD31 (green) reveal that all tumor endothelial cells are completely negative for Prox-1 but strongly positive for CD31 in two proliferating infantile hemangiomas. Native lymphatics are seen at the tumor margin (arrowheads) and showed Prox-1 þ nuclear and CD31 þ cytoplasmic staining. In contrast, native CD31 þ blood vascular (asterisk) endothelial cell nuclei are negative for Prox-1. (e) Double-staining for LYVE-1 (green) and CD31 (red) reveals LYVE-1 þ /CD31 þ lesional capillaries (yellow). (f) The very same LYVE-1 þ /CD31 þ lesional capillaries are also positive for GLUT-1 (yellow) in a serial section. Native lymphatics are seen at the tumor margin (arrowhead). Large blood vessels do not express LYVE-1 (arrows). Original magnifications: Â 200 (a)-(f). 5 years) (Table 1) . Therefore, LYVE-1 expression is an age-independent phenomenon specific for endothelial cells of proliferating infantile hemangiomas.
Downregulation of LYVE-1 Expression in Infantile Hemangiomas during Involution
Analysis of infantile hemangiomas demonstrated absence of LYVE-1 immunoreactivity from the majority of tumor endothelial cells during involution, whereas CD31 expression remained unchanged ( Figure 3 ). In fact, 4/9 (44.4%) of involuting infantile hemangiomas were completely negative for LYVE-1 expression, and only a few lesional capillaries (o10%) were LYVE-1 immunoreactive in the other cases in contrast to proliferating lesions (P ¼ 0.0009) ( Table 3) . Involuting lesions displayed flattening of endothelium (Figure 3d and h) , in contrast to the plump shape of endothelial cells during the proliferative phase (Figure 3b and f) . Although the lobular architecture was maintained in some involuting lesions (Figure 3h ), LYVE-1 expression was lost as involution proceeded (Figure 3h ).
Detection of LYVE-1 Positive Macrophages in Infantile Hemangiomas
We detected numerous LYVE-1 þ mononuclear cells in both proliferating (Figure 2a ) and involuting infantile hemangioma (Figure 3c and g ). To further characterize these cells, we performed double stains with the macrophage markers, CD11b 25 and CD68 26 and LYVE-1. We found that LYVE-1 þ mononuclear cells expressed both CD11b and CD68 in proliferating and involuting infantile hemangiomas ( Figure  4 ), identifying them as macrophages.
Lesional Endothelial Cells are Arrested in Vascular Development
Since lesional capillaries of infantile hemangiomas expressed LYVE-1, a specific lymphatic marker, we assessed these tumors for the expression of the lineage-specific lymphatic homeobox gene, Prox-1, and of the blood vascular-specific marker, CD34. Double immunofluorescence stains for LYVE-1/ CD31 and LYVE-1/CD34 in serial sections revealed that LYVE-1 þ endothelial cells also express CD34 (Figure 5a and b) . Double immunofluorescence stains of serial sections for LYVE-1/CD31 and Prox-1/CD31 revealed that all tumor endothelial cells were negative for Prox-1 (Figure 5c and d) . Hence, (Figure 5e and f) .
Discussion
Despite the high prevalence of infantile hemangiomas in the pediatric population, the molecular events leading to rapid proliferation and slow involution of these tumors remain unclear. We demonstrate here that the hyaluronan receptor LYVE-1 is specifically expressed in endothelial cells of infantile hemangioma during the proliferative phase and is downregulated during involution. Moreover, infantile hemangioma endothelial cells are Prox-1
þ . This endothelial cell immunophenotype resembles that of the cardinal vein during early normal embryogenesis, at a stage leading to the development of mature blood vessels or to acquiring lymphatic bias 27 ( Figure 6 ). After the initial formation of the vascular system, a subpopulation of venous endothelial cells becomes competent to respond to a lymphatic inducing signal by expressing the homeobox gene Prox-1, at day BE9.5. 28 Our data suggest that the endothelial cells in infantile hemangiomas display an immature immunophenotype, similar to that in cardinal vein endothelial cell with lymphatic competence, suggesting the endothelial cells are arrested in an early stage of vascular development. This undifferentiated phenotype may explain their rapid proliferation. As infantile hemangiomas regress, the endothelial cells, coincident with downregulation of LYVE-1, attain a more mature immunophenotype, LYVE-1 À , Prox-1 À , SLC À , VEGFR-3 À , CD31 þ and CD34 þ , and develop into mature blood vessels ( Figure 6 ). We hypothesize that somatic mutations may lead to arrested maturation and clonal expansion of infantile hemangioma endothelial cells with an immature immunophenotype.
The isolation of CD133 þ /CD34 þ endothelial progenitor cells from proliferating infantile hemangiomas 8 supports the primitive nature of these endothelial cells, since CD133 is expressed by embryonic epithelium (neuroepithelium, kidney and gut) 29 and CD34 þ endothelial cell precursors (hemangioblasts). 30 It has been demonstrated that infantile hemangiomas share expression of GLUT-1, merosin, FcgRII and Lewis Y antigen with human placenta microvasculature, 19 further supporting the fetal or embryonic nature of infantile hemangioma endothelial cells. Together, these results and our data suggest an intrinsic defect in infantile hemangioma endothelial cell maturation that may result in their abnormal proliferation.
In summary, our study demonstrates, for the first time, specific expression of LYVE-1 in infantile hemangioma endothelial cells during the proliferative phase and downregulation during the involuting phase. This identifies LYVE-1 as a novel marker for proliferating infantile hemangioma, since GLUT-1 is expressed during both phases. 19 Analysis of the specific blood and lymphatic endothelial cell markers, CD34 and Prox-1, respectively, revealed that the endothelial cells of infantile hemangioma have an immunophenotype similar in this regard to that of the embryonic vein during normal vascular development. We propose that infantile hemangioma endothelial cells are arrested in an early stage of vascular differentiation, with important implications for the pathogenesis of rapid postnatal proliferation.
